With continued refinement in land surface model resolution the need for accurate 4 and continuous soil moisture datasets at intermediate spatial scales has become critical 5
Introduction 24
As land surface models continue to be refined in space (Wood et al., 2011), the 25 need for high-resolution and high-quality datasets, especially soil moisture, remains 26 critical for validation and calibration of models (Vereecken et al., 2008) . While 27 instrumentation and soil moisture sensors have advanced significantly, gaps at different 28 spatial and temporal scales remain, especially intermediate scales (Robinson et initialization of soil moisture in order to make accurate weather forecasts. Direct 34 measurements of soil moisture at large spatial scales are difficult, time consuming, and 35 not feasible at many temporal scales or geographic locations. While spaceborne 36 measurements of microwave emissions have satisfied some of the spatial needs, the 37 shallow penetration depth (Njoku et al., 2003) and long repeat times make estimates of 38 accurate soil water fluxes difficult. 39
The need for continuous long-term measurements of precipitation and soil 40 moisture has been recognized for decades (Manfreda and Rodriguez-Iturbe, 2006 ; 41 Rodriguez and Mejia, 1974) , but because soil moisture is difficult to measure, data at the 42 spatial scale of the continental USA are sparse (Hausman, 2011) . However, recent 43 advances in cosmic-ray neutron sensor technology have allowed soil moisture to be 44 quantified continuously in time at intermediate spatial scales (Zreda et al., 2008) . A new 45 national network of cosmic-ray soil moisture sensors, the COsmic-ray Soil Moisture 46
Observing System (COSMOS), has recently come online with the goal of improving 47 hydrometeorological forecasting (Zreda et al., 2012) , data available at 48 http://cosmos.hwr.arizona.edu/. As part of setting up the national network, a large number 49 of point measurements were made inside the cosmic-ray footprint to calibrate each 50 sensor. We found that collecting 108 samples at 18 different locations inside a 200 m 51 radius circle typically gives reasonable estimates of the mean volumetric water content 52 with a standard error of less than 0. In this work, we compare the results from a network of 180 time-domain 58 transmission probes with a cosmic-ray soil moisture sensor in a highly heterogeneous 59 southern Arizona dryland ecosystem. We compare the spatial average of the point 60 measurements with the cosmic-ray measurements. We next present particle transport 61 modeling results using the observed soil moisture profiles, and finally compute mass 62 balance using the observed cosmic-ray soil moisture values. We conclude with a general 63 discussion on the quality of area-average soil moisture measurements with the cosmic-ray 64 neutron sensor and propose future research directions. 65 66
Methodology 67

Study Site 68
The field measurements of soil moisture were conducted in the Santa Rita 69
Experimental Range (SRER), approximately 35 km south of Tucson, AZ (Fig. 1a) . The 70 SRER receives an average of ~400 mm of rainfall per year, with 50% occurring between 71
July and September and 30% between December and March (Scott et al., 2008 
Soil Moisture Measurements Using a Cosmic-ray Neutron Sensor 86
A cosmic-ray neutron sensor for quantifying soil moisture (Model CRS-1000 87 from Hydroinnova LLC, Albuquerque, NM, USA) was installed at the study site on 2 88
June 2010 as part of the COSMOS network (Zreda et al., 2012) . The sensor measures 89 low-energy neutrons (Zreda et al., 2008) and records the total count every hour. Because 90 of the nuclear properties of hydrogen (Glasstone and Edlund, 1952), the relative change 91 in low-energy neutron counts is most correlated to changes in soil water content. Using 92 neutron particle transport modeling, previous studies (Zreda et al., 2008) TDT probe was used to excavate a cavity in the upslope soil face. The TDT probe was 159 then placed in the cavity using the excavated soil to backfill the remaining void space. 160
After all five probes were in place; we repacked the excavated soil pit using the soil from 161 the same depth location. A tipping bucket rain gauge was also installed at each location 162 (Model TE525m from Campbell Scientific Inc., Logan, UT, USA). Data was recorded 163 every 30 minutes for each TDT probe and individual tips (0.1 mm) were recorded for 164 each rain gage. 165
Before their deployment in the field, the TDT probes were calibrated in a 166 laboratory by using four substances with a range of dielectric permittivities ( destructive nature of volumetric sampling, we note that we were not able to sample at the 179 exact same location and that the bias may be due to horizontal variability at the site or 180 due to the implicit uncertainties resulting from repacking soil around the in-situ probes. 181
Over the course of the experiment, 160 TDT probes (out of 180 installed) and 12 rain 182 gages (out of 18 installed) worked continuously without any noticeable problems orsystematic drift. Given the relatively low soil moisture values and large soil temperature 184 transients, the in-situ TDT probes performed well with ~90% data success rate. In order 185 to compare the soil moisture from the cosmic-ray neutron sensor and the TDT probes, we 186 where is assumed to be 1 g cm -3 . 224
With the effective sensor depth defined, a simple linear depth weighting function, 225 wt, is proposed as a function of soil depth:
where a is a constant defined by the condition that the weights are conserved, 228
soil moisture profiles and given its simplicity it is adopted in this analysis. 234
For the remaining analyses we use equations (5) and (7) atmosphere and near the surface over low to medium energy levels (0 to ~200GeV). 243
MCNPx is general purpose Monte Carlo model that simulates the life history of an 244 individual particle and its consequent particles as it interacts with different elements in 245 the atmosphere and near surface. The simulations used the same particle source function, 246 domain, and neutron detector as those in previous work (Zreda et al., 2008) , but used the 247 latest cross section libraries provided by the MCNPx user community. We use 248 horizontally averaged layers and include only vertical heterogeneities in the domain. 249
Unlike previous work (Zreda et al., 2012) , we used the local soil chemistry and dry bulk 250 density observed at SRER (Table 1) . Table 1 shows the weight percent of 14 major rock-251 forming elements from samples collected at SRER that make up over 99% of the mass of 252 the material (soils analyzed at Actlabs, Ancaster, Ontario, Canada). In agreement with 253 previous work (Zreda et al., 2008) , we found that modeled fast neutron flux (~10 to 254 100eV) is weakly correlated to parent material because hydrogen dominates neutron 255 scattering (Zreda et al., 2012) (Fig. 3b) . However, we note that hydrogen in the mineral 256 structure of soil (a.k.a. lattice water or H 2 O + , defined as in section 2.4) can significantly 257 differ among soil types (Greacen, 1981) . Therefore, the relationship between fast 258 neutrons and volumetric water content in the pore space may be affected, (Fig. 3a) , 259 requiring slight modifications to the coefficients in equation (1) (Desilets et al., 2010) , 260 that may not be accounted for explicitly in the N 0 parameter. We note that the variation is 261 most likely strongest at the dry end, where lattice water can account for a majority of the 262 hydrogen present in the sensor support volume. 263 264
Results 265
Distributed Sensor Network 266
The half hourly time series of the paired profiles indicates a significant amount of 267 soil moisture variability in the top 30 cm around the footprint (Fig. 4) . Not surprisingly, 268 the paired profiles illustrate that soil moisture dynamics can be nearly identical (Fig. 4a  269 versus 4b), similar ( Fig. 4c versus 4d ), or different (Fig. 4e versus 4f ). We found that 270 peak soil moisture following precipitation events was slightly higher on average in 271 canopy profiles compared to open profiles (~0.02 m 3 m -3 ). We also found that no wetting 272 fronts reached the 50 cm probes during the summer monsoons. However, rainfall events 273 in the winter season, when evapotranspiration is lower, led to deep percolation around the 274 footprint as indicated by both the individual profiles (Fig. 4, particularly 4a and 4d) and 275 the spatially averaged TDT profiles at 50 and 70 cm (Fig. 5) , which is consistent with 276 previous work (Scott et al., 2000) . The spatial average of the TDT probes results in a 277 standard error of the mean of less than 0.01 m 3 m -3 for all depth profiles (Fig. 5a ). The 278 standard error of daily rainfall from 12 gauges is ~2-3 mm for a range of rainfall totals 279 (Fig. 5b) . A summary of the hourly TDT profiles and daily rainfall is provided at 280 http://cosmos.hwr.arizona.edu/Probes/StationDat/011/index.php. 281 282
Comparison of Area-Average Soil Moisture Datasets 283
To compare the volumetric and TDT soil moisture calibration/validation datasets 284 with the cosmic-ray neutron data we computed the depth weighted water content over a 285 six hour period using equations (5) and (7), which is the typical length of time required to 286 collect a full volumetric calibration dataset. With the longer integration time we note that 287 this will reduce the neutron count rate uncertainty (Zreda et The computed N 0 values using equation (1), from the five different volumetric 300 calibration datasets are summarized in Table 3 within the uncertainty observed in the TDT laboratory calibration (Fig. 2) and reported in 319 the TDT literature (Blonquist et al., 2005b) , and in the volumetric calibration datasets 320 (Table 2) . 321
We used MCNPx to compute the average water content that the cosmic-ray sensor 322 would see given the distribution of pore water from the observed TDT profiles. The 323 comparison between the computed TDT weighted average value and MCNPx modeled 324 value (Fig. 7a) shows an RMSE of 0.0044 m 3 m -3 , with maximum deviations of 0.01 to 325 0.02 m 3 m -3 during high near-surface soil moisture due to the existence of sharp wetting 326 fronts in the profile. Using the calibration function estimated in Figure 6 , we can compare 327 the cosmic-ray soil moisture data with the TDT weighted averaged values (Fig. 7b) . We 328 find a RMSE of 0.0108 m 3 m -3 , and maximum deviation of 0.03 to 0.04 m 3 m -3 during 329 high near-surface soil moisture periods. In addition, we find that the cosmic-ray soil 330 moisture time series decays faster during dry-down periods and is more responsive to 331 small rain events (< 5 mm), which is discussed in more detail in section 4.2. 332 333
Cosmic-Ray Sensor Mass Balance 334
As an additional confirmation of the quality of geophysical datasets (Huisman et 335 al., 2001), we compute the daily and total water mass balance using only the cosmic-ray 336 soil moisture time series and rainfall ( Fig. 8 and Table 4 ). In order to compute a daily 337 flux, we first subtract the daily average soil moisture values and then multipy by theminimum value of the two effective sensor depth estimates. By working with daily 339 average values, we smooth the soil moisture time series and may underestimate the total 340 flux. In the daily soil water fluxes (Fig 8a) , positive values indicate periods of net inflow 341 into the footprint due to infiltration, and negative values represent net outflow due to 342 evapotranspiration and deep drainage. The daily time series of negative fluxes indicate 343 maximum observed evapotranspiration of 3 to 4 mm day -1 in the summer months and 1 to 344 2 mm day -1 in the winter, which is consistent with eddy covariance data observed at this 345 site (Cavanaugh et al., 2011; Scott et al., 2008) . By comparing the daily value of 346 infiltration and rainfall we find that runoff ratios (assuming rainfall interception loss is 347 less than 1 mm and negligible) vary between ~0 for small rain events and 0.5 for the 348 largest 45 mm rain event. The total seasonal water balance indicates runoff around 20%, 349 5% for change in seasonal storage, and 75% for evapotranspiration and deep drainage 350 (Table 4) 
Quality of Area-Average Soil Moisture Measurements With Cosmic-ray Neutron 356
Sensors 357
Despite large spatial variability between individual soil moisture TDT profiles 358 (Fig. 4) , we found that measurements of above ground low-energy neutrons accurately 359 capture the mean soil moisture behavior (Fig. 7) . By using several volumetric calibration 360 datasets to define the N 0 parameter in equation (1), we found good agreement (R 2 = 361 0.822) with independent continuous area-average measurements using a distributed 362 sensor network (Fig. 6) . With one independent volumetric calibration dataset we found 363 that the average absolute deviation between calibration datasets was less than 0.017 m 3 364 m -3 with a percent error on the order of 20% or less (Table 3) . As with most sensors, we 365 found that multiple calibration datasets across the range of variability will lead to the 366 highest confidence in measurements with an RMSE ~0.0165 m 3 m -3 , which is within the 367 reported uncertainty for TDT probes (Blonquist et al., 2005b) . 368
As good practice for data quality and assurance of cosmic-ray neutron sensors we 369 recommend the following procedures in addition to the standard pressure, geomagnetic 370 latitude, and neutron intensity corrections: 1) at least one volumetric calibration dataset to 371 determine N 0 , with additional calibration datasets preferred, 2) continuous measurements 372 of air temperature, air pressure, and relative humidity to account for temporal variations 373 in water vapor 3) one estimate of mineral lattice water for use in estimating effective 374 sensor depth and thus estimating depth weighted averages from discrete point 375 measurements. As an additional source of calibration standards and procedures, methods 376 developed using the in-situ neutron probe may be helpful (Bell, September 1987; 377 Greacen, 1981; Visvalingam and Tandy, 1972) . In particular, the method developed in 378
France by the Commissariate a l'Energie Atomique utilizes direct measurements of the 379 macroscopic nuclear cross-sections from field samples in an atomic pile in order to 380 establish a local calibration functio. We note that the cosmic-ray neutron sensor uses fast 381 neutrons (~10 1 to 10 2 eV) as compared to the in-situ neutron probe that uses thermal 382 neutrons (<0.025eV) to quantify soil moisture. This means that the cosmic-ray neutron Table S1 ). 385
As an active area of research, it may be important to account for other site-386 specific transient hydrogen sources that may affect neutron counts, such as fast growing 387 vegetation like corn (Hornbuckle et al., 2011) . We note that static background hydrogen 388 sources will be implicitly accounted for in the N 0 estimation but any time-varying 389 hydrogen sources may need to be considered. As stated previously (Bell, September 390 1987) , it is the relative differences in neutron counts at a site that are key to determining 391 the time-varying change of hydrogen, most notably soil water content. 392 393
Sensitivity to Shallow Layer Dynamics 394
Comparisons between the cosmic-ray soil moisture and TDT weighted averages 395 indicate two systematic differences between the two signals: one is the higher sensitivity 396 of neutron counts to small rain events, the other is the faster decay of the neutron signal 397 during dry-down periods (Fig. 7b) . Equation (7) quantifies the decreasing sensitivity of 398 the cosmic-ray sensor with soil depth, as relatively more neutrons escape from shallower 399 zones than deeper zones. The reason for both deviations lies not in the nature of the two 400 systems, but in our inability to adequately capture the shallow (0-10 cm) layer dynamics 401 because the shallowest TDT probe was placed horizontally at 10 cm depth. Given that 402 surface water redistribution occurs at the study site, we chose to insert the probes 403 horizontally instead of vertically through the surface to prevent potential preferential flow 404 pathways. As a consequence, we do not record changes in soil moisture that occur in the 405 top 5 cm. In addition, the top layer will dry out faster than the recorded values given by 406 637 † Values computed with equation (1) using depth weighted soil moisture and intensity 638
and water vapor corrected neutron counts summarized in Table 3 . 639 
